Chromium reduction by Escherichia coli ATCC 33456 quantitatively transferred hexavalent chromium, Cr(VI), to trivalent chromium, Cr(m). The reduced chromium was predominantly present in the external medium. Supernatant fluids of cell extract, obtained by centrifugation at 12,000 and 150,000 x g, showed almost the same Cr(VI) reduction activity, indicating that Cr(VI) reduction by E. coli ATCC 33456 was a largely soluble reductase activity. In studies with respiratory inhibitors, no inhibitory effects on aerobic and anaerobic Cr(VI) reduction were demonstrated by addition of cyanide, azide, and rotenone into both intact cell cultures and supernatant fluids of E. coli ATCC 33456. Although cytochromes b and d were identified in the membrane fraction of cell extracts, Cr(VI) was not reduced by the membrane fraction alone. The cytochrome difference spectra analysis also indicated that these cytochromes of the respiratory chain require the presence of the soluble Cr(VI) reductase to mediate electron transport to Cr(VI). Stimulation of Cr(VI) reduction by an uncoupler, 2,4-dinitrophenol, indicated that the respiratory-chain-linked electron transport to Cr(VI) was limited by the rate of dissipation of the proton motive force.
Microbial reduction of toxic hexavalent chromium, Cr(VI), to the less soluble trivalent form, Cr(III), represents a useful detoxification process (31) . This process has shown practical importance for ultimate removal of chromium from aqueous environments (10) . A wide variety of bacteria have been reported to reduce Cr(VI) under either aerobic (5, 9, 12, 21) or anaerobic (7, 24, 27) conditions. For the Cr(VI)-reducing bacteria reported before, two kinds of enzymatic mechanisms of Cr(VI) reduction have been proposed. The aerobic activity of Cr(VI) reduction is generally associated with a soluble protein fraction utilizing NADH as an electron donor either by necessity (9) or for maximum activity (12) . In most instances, however, the physiological functions of the electron flow to Cr(VI) through the soluble reductase, if any, have not been thoroughly examined. Bacterial respiration can utilize a number of inorganic compounds as terminal electron acceptors, including 02, N02-, NO3-, S042-, Fe(III), and Mn(IV) (13, 17) . Under anaerobic conditions, Cr(VI) may also act as a terminal electron acceptor through a membrane-bound reductase activity (27, 28) . Studies with Enterobacter cloacae HO1 have implicated the respiratory chain in the transfer of reducing equivalents to Cr(VI) through cytochrome c (29) . However, there is no evidence to show that electron transport to Cr(VI) via the respiratory chain could conserve enough energy to support anaerobic growth, because fermentable organic compounds were always used in metabolism (27, 28) .
Previous work has shown that a Cr(VI)-reducing strain, Escherichia coli ATCC 33456, has the ability to reduce Cr(VI) under both aerobic and anaerobic conditions and that anaerobic Cr(VI) reduction proceeded at a higher rate than aerobic activity (25) . However, whether Cr(VI) reduction in this strain is carried out by the soluble Cr(VI) reductase or by the respiratory-chain-associated electron transport activity remains unclear. In this paper, through the study of Cr(VI) reduction activity in both intact cells and cell extracts of E. coli ATCC 33456, the biochemical characteristics and * Corresponding author. cellular location of Cr(VI) reductase, as well as the possible involvement of the respiratory chain in Cr(VI) reduction activity, were investigated. Cr(VI) reduction by this strain as a dissimilatory or assimilatory activity was also analyzed. On the basis of the results of this study, the physiological functions of Cr(VI) reduction in cell metabolism and the metabolic strategy related to Cr(VI) reduction were addressed.
MATERIALS AND METHODS
Bacteria and growth conditions. E. coli ATCC 33456 was purchased from the American Type Culture Collection. Cells were grown overnight in 2-liter vessels in a nutrient broth medium (Difco 0003) at 35°C with shaking (250 rpm) and harvested at 4,500 x g and 4°C for 10 min, after which they were washed three times with 0.85% NaCl solution.
Preparation of cell extracts and their fractionation. Gorby and Lovley (6) was used to determine the cytochrome contents of supernatants S12 and S15O and membrane fraction P. Spectra were recorded with a spectrophotometer (Spectronic 1201; Milton Roy, New York, N.Y.) at a scan speed of 50 nm/min and a 0.2-nm increment over wavelengths ranging from 400 to 700 nm. When Cr(VI) was added, the spectra from 400 to 500 nm were not recorded because large absorption peaks caused by Cr(VI) appeared in the same range. Dithionite-reduced minus oxygen-oxidized spectra were obtained to examine the cytochrome contents in the fractions of the cell extracts. To investigate the possible reoxidation of cytochromes by Cr(VI), the samples identified as having cytochrome were reduced by bubbling with hydrogen gas for at least 10 min, and then they were scanned and the data were stored as baseline values. Reoxidized samples were prepared by placing the hydrogen-reduced samples into a 1-cm cuvette, adding 0.5 mM Cr(VI), and then immediately sealing the cuvette with parafilm to eliminate oxidation by oxygen through exposure to air. The spectra were recorded instantly by the spectrophotometer. In order to identify the cytochrome contents of the respiratory chain involved in Cr(VI) reduction, the same procedure was conducted with the cell extracts by replacing Cr(VI) with oxygen by bubbling with oxygen gas. Description of inhibitors. A variety of inhibitors are known to interfere with electron transport at specific sites of the electron transport chain in microorganisms (8) . Inhibitor studies were conducted to gain insights into the components of the electron transport chain in E. coli ATCC 33456.
Relevant information pertaining to the tested respiratory inhibitors is summarized in Table 1 .
Analytical method. Samples were withdrawn at proper intervals and subjected to centrifugation at 4,500 x g for 5 min prior to analysis. Hexavalent chromium was determined colorimetrically with a spectrophotometer (Spectronic 1201) at 540 nm by reaction with diphenylcarbazide in acid solution (3). Simultaneous determinations of Cr(VI) and Cr(III) were carried out with an ion chromatograph (model DX-300; Dionex Co., Sunnyvale, Calif.). Samples (centrifuged and/or noncentrifuged) were first heated to boiling for 1 min at pH 6. Incubation Time, hours 
RESULTS
Formation of Cr(HII). The time course of Cr(VI) reduction and Cr(III) production as determined with noncentrifuged whole-cell cultures is shown in Fig. 1 . Cr(VI) reduction occurred with concomitant formation of Cr(III), and the total chromium content, based on measured Cr(VI) and Cr(III), remained at a constant value of 0.302 + 0.004 mM. These results indicated that the reduced Cr(VI) was completely in the form of Cr(III).
The distribution of Cr(III) between the supernatant and pelleted cells (obtained by centrifugation at 4,500 x g for 10 min) in culture fluid was also investigated. After 24 h of incubation, Cr(III) in the supernatant constituted 98% of the total Cr(III) measured in the cultures (141.2 + 11.9 versus 143.5 + 12.5 ,uM), while Cr(III) detected in the pelleted cells, which represents the fraction of Cr(III) attached to cells and/or precipitate as chromium hydroxide upon centrifugation, remained constant at 8. conditions. 0, S150; V, S12; Cl, membrane fraction P; C, heated S12. (B) Anaerobic conditions. *, S150; V, S12; *, membrane fraction P; *, heated S150-the absence of Cr(VI) also gave a similar amount of Cr(III) accumulating in the pelleted cells [0.71 + 0.12 ,umol of Cr(III) per gram (wet weight) of cells; n = 6].
Biochemical properties of Cr(VI) reductase. The supernatant of cell extracts reduced Cr(VI) readily under both aerobic and anaerobic conditions with NADH as the electron donor (Fig. 2) . The cell supematants S12 and S150 showed similar levels of specific Cr(VI) reduction activity (Table 2) . When no electron donors were added, a lower but significant level of Cr(VI) reduction was observed in the supematant ( Table 2 ). The reductase activity in the supernatant was heat susceptible, and it was completely destroyed by boiling the supernatant for 1 min (Fig. 2) . In addition, Cr(VI) reduction was not detected in membrane fraction P under both aerobic and anaerobic conditions (Fig. 2) . Cr(VI) reduction activity in the supernatant of cell extracts and in intact cell cultures was not inhibited by the presence of the respiratory inhibitors tested, including cyanide, azide, and rotenone (Fig. 3) . The data in Fig. 3 tion activity to 200 and 162% in aerobic and anaerobic intact cell cultures, respectively. In the cell supernatant S12, no stimulation was observed when 2,4-DNP was added. Under anaerobic conditions, however, Cr(VI) reduction in S12 was inhibited by addition of this uncoupler.
Spectroscopic studies. The optical spectra of cell extracts were studied to characterize the possible involvement of respiratory-chain enzymes in Cr(VI) reduction activity. The dithionite-reduced minus 02-oxidized difference spectra clearly showed that peaks diagnostic for cytochromes b (428 and 560 nm) and d (632 nm) in E. coli were identified in the supernatant fraction S12 and membrane fraction P, but no absorption maxima were found in the supernatant fraction S150 (Fig. 4) fraction and the oxygen-oxidized membrane fraction shown in Fig. 5 also demonstrated that the H2-reduced cytochrome in membrane fraction P can be reoxidized by oxygen but not by Cr(VI). However, the data in Fig. 5 show that H2-reduced cytochromes in the S12 fraction, which contains a mixture of membrane fraction and soluble Cr(VI) reductase, were easily reoxidized by both oxygen and Cr(VI). The absorption minima were induced at the wavelength characteristic of cytochrome d but were depressed at the wavelength of cytochrome b by adding cyanide in S12, as demonstrated in Fig. 5 .
Oxygen inhibition of Cr(VI) reduction. The time course of Cr(VI) reduction in the presence of various levels of dissolved oxygen is shown in Fig. 6 . Anaerobic cultures were obtained by purging the cultures with nitrogen gas, while dissolved oxygen levels of about 0.16 and 0.63 mM were obtained by continuously purging the cultures with air or pure oxygen gas, respectively. The data in Fig. 6 show that Cr(VI) reduction was repressed by the increase in dissolved oxygen concentrations and that the anaerobic cultures showed the highest rate of Cr(VI) reduction. An apparent uncompetitive inhibition behavior of oxygen toward Cr(VI) reduction activity was observed with the Lineweaver-Burk plot of 1/V versus 1/C, where V is the initial specific rate of Cr(VI) reduction and C is Cr(VI) concentration. The determined kinetic parameters of the maximum specific Cr(VI) reduction rate (k) and the half-velocity constant (Ks) decreased from 0.50 mmol/g (dry weight) of cells per h and 0.12 mM under anaerobic conditions to 0.27 mmol/g (dry weight) of cells per h and 0.041 mM in the presence of oxygen, respectively. (23) . This study showed that E. coli ATCC 33456 quantitatively transformed Cr(VI) to Cr(III). This is the first report to demonstrate simultaneous microbial Cr(VI) reduction and Cr(III) production, although Cr(III) has been qualitatively determined before or assumed to be the transformation product of Cr(VI) in bacterial cells (9, 14, 25, 27) . This study provides direct evidence that the reduced Cr(VI) was completely transformed to Cr(III).
The great majority of Cr(III) formed was detected in the supernatant, while only a minute portion of Cr(III) was found in the pelleted cells, indicating that the reduced chromium was mainly accumulated outside cells through a dissimilatory Cr(VI) reduction activity of E. coli ATCC 33456. Similar results were reported before. Wang et al. (28) showed that approximately 70% of the total chromium remained in the supernatant fluids of E. cloacae HO1 after complete Cr(VI) reduction. Since the amount of Cr(III) accumulated in pelleted cells after incubation with Cr(VI) in E. coli ATCC 33456 cultures did not differ significantly from that found when Cr(III) was added directly to cultures and since Cr(III) was generally excluded from entering into the cells (22) , Cr(III) formed from Cr(VI) reduction was probably attached on the surface of cells. Furthermore, previous work of others has shown that when Cr(VI) was reduced to Cr(III), intracellular Cr(III) cannot be removed from the cells as long as the cell membrane remains intact (1). Therefore, Cr(VI) reduction in E. coli ATCC 33456 may occur largely on the cell surface, although minor intracellular reduction of Cr(VI) may also take place. Others have also proposed that microbial Cr(VI) reduction occurs most likely on the cell surface (10, 28) . The formation of insoluble Cr(III) on the cell surface was thought to offer protection of cells from the toxicity of Cr(VI) (31) .
The finding that supernatants S12 and S15O reduced Cr(VI) at similar specific rates suggested that Cr(VI) reduction in E. coli ATCC 33456 was predominantly carried out by soluble reductase activity. This finding was also supported by studApiPL. ENvIRON ies with respiratory inhibitors, in which the presence of respiratory inhibitors such as cyanide, azide, and rotenone had no inhibitory effect on reductase activity in the supernatants of cell extracts and intact cell cultures. Considering the hypothesis that Cr(VI) reduction occurred largely on the cell surface, the dissimilatory Cr(VI) reduction is most probably catalyzed by soluble reductase activity. The finding that Cr(VI) reductase reduced Cr(VI) in the absence of any external electron donors indicated that the reductase can utilize endogenous reserves as electron donors for Cr(VI) reduction. However, the activity of Cr(VI) reduction catalyzed by the reductase was enhanced by addition of NADH, an external electron donor, as demonstrated in this study.
The stimulation of Cr(VI) reduction activity in aerobic and anaerobic intact cell cultures by 2,4-DNP suggested that other intracellular Cr(VI) reduction mechanisms were also involved, in addition to the predominant extracellular dissimilatory Cr(VI) reduction. The enhanced Cr(VI) reduction may be attributed to the acceleration of a respiratory-chainlinked electron transport mechanism, which is similar to the stimulation of aerobic respiration by uncoupling agents. The presence of the uncoupler, 2,4-DNP, greatly increases the permeability of the inner membrane to H+ by carrying protons through the cell membrane and thus stimulates aerobic respiration following the reaction 4H+ + 4e-+ 02 --2H20 (15) . Similarly, an increase in H+ concentration inside cells may also lead to an increase in Cr(VI) reduction throupgh the respiratory-chain-linked activity by the reaction
CrO4
-+ 8H+ + 3e -* Cr3+ + 4H20. Therefore, the results indicated that minor Cr(VI) reduction activity associated with the respiratory chain is likely, although Cr(VI) reduction in E. coli ATCC 33456 is largely due to soluble reductase activity. This finding is similar to the finding of a previous study of microbial Fe(III) reduction. Williams and Poole (30) have indicated that the minor membrane-associated Fe(III) reduction activity cannot be discounted, despite the major soluble activity in microbial reduction of Fe(III).
In the cell supernatant S12 of E. coli ATCC 33456, no stimulation of Cr(VI) reduction was observed when 2,4-DNP was added because of the absence of intact cells. Under anaerobic conditions, however, Cr(VI) reduction in S12 was inhibited by 2,4-DNP. Cr(VI) reduction in E. coli ATCC 33456 has also been found to be inhibited by other phenolic compounds, especially in anaerobic cultures (25) . The observed inhibitory effect of 2,4-DNP on Cr(VI) reduction may be due to membrane distortion or to steric interference similar to that stated by Arnold et al. (4) for dissimilatory Fe(III) reduction.
The identification of cytochromes b and d in the supernatant fraction S12 and membrane fraction P, but not in the supernatant fraction S15O, indicated that cytochromes b and d are present in the membrane of E. coli ATCC 33456. The findings that the H2-reduced cytochromes in membrane fraction P were reoxidized by oxygen but not by Cr(VI) while the H2-reduced cytochromes in the S12 fraction were easily reoxidized by both oxygen and Cr(VI) suggested that oxidation of cytochromes by Cr(VI) requires the physical existence of the soluble Cr(VI) reductase, since the S12 fraction contained both the cytochromes and the soluble Cr(VI) reductase. These observations were in agreement with the finding that the membrane fraction of cell extracts alone did not reduce Cr(VI) (Fig. 2) . Cytochrome d is relatively resistant to cyanide inhibition compared with other cytochromes, including cytochrome b, and it can also be induced by cyanide in E. coli (11) . This study showed the induction of cytochrome d and the depression of cytochrome b by the addition of cyanide in S12 and therefore suggested that both cytochromes b and d were involved in the transport of electrons to Cr(VI) through the mediation of soluble Cr(VI) reductase. It is not only in Cr(VI) reduction that respiratory-chain-linked electron transport requires the participation of soluble enzymes. Nitrite reduction in E. coli K-12 was observed to require a soluble specific component to mediate respiratory-chain-linked electron transport, and loss of the soluble part led to the loss of the reduction activity (2) . This is very similar to the Cr(VI) reduction activity associated with the respiratory chain in E. coli ATCC 33456, which also needs the soluble reductase as a mediator, although a membrane-bound, respiratory-chainlinked reductase activity was noted in another Cr(VI)-reducing strain (29) .
Whether there is more than one type of soluble Cr(VI) reductase involved in Cr(VI) reduction by E. coli ATCC 33456 or whether there is only one Cr(VI) reductase with more than one active site responsible for Cr(VI) reduction is not clear. Only in the presence of soluble Cr(VI) reductase did oxidation of cytochromes by Cr(VI) occur, implying that one enzyme was probably responsible for electron transport to Cr(VI) and that one of the active sites in Cr(VI) reductase can become membrane associated.
Although two mechanisms of Cr(VI) reduction were identified in E. coli ATCC 33456, neither of them was considered as a likely major energy source for cell metabolism. This is because Cr(VI) reduction activity associated with the respiratory chain in this strain was a minor activity because of the limited rate of dissipation of the proton motive force, the predominant activity of Cr(VI) reduction occurring on the cell surface. Reduction of 1 mol of Cr(VI) requires 8 mol of H+. Hence, Cr(VI) reduction occurring on the cell surface results in a great reduction of the H+ gradient across the membrane, which is the driving force for oxidative phosphorylation in cells. Therefore, the energy produced through Cr(VI) reduction on the cell surface by the soluble Cr(VI) reductase activity cannot be conserved. The depletion of H+ on the cell surface by the soluble reductase activity also restricts the penetration of protons into cells, yielding a higher pH inside the cells. The higher pH inside in turn confines Cr(VI) reduction through respiratory-chain-linked electron transport.
Cr(VI) reduction as a cometabolism of cells implies that the organism requires an alternative energy source to maintain its activity. In order to find whether oxidation of fermentable organic compounds with Cr(VI) as the electron acceptor is more energetically favorable than the typical fermentation, thermodynamic considerations for the metabolism of glucose during Cr(VI) reduction were calculated by following the hypothesis of Mclnerney and Beaty (20) . The results given in Table 3 indicate that aerobic respiration is more energetically favorable than other types of fermentation investigated. Thus, Cr(VI) reduction with Cr(VI) as a competitive electron acceptor with oxygen occurs only via an abbreviated electron transport chain. This is consistent with the results of both the inhibitor study (Fig. 3) and the energetic calculations (reactions 10 to 12 in Table 3 ). Under anaerobic conditions, as indicated in Table 3 , complete glucose oxidation with Cr(VI) as the electron acceptor (reaction 2), partial fermentation of glucose to acetate with Cr(VI) as the electron acceptor (reaction 8), and fermentation with Cr(VI) as a minor electron sink (reaction 9) are more energetically favorable than other types of fermentation not involving Cr(VI) reduction (reactions 3 to 7 in Table   3 ). (N. 
